The environmentally assisted cracking behavior of Inconel Alloy 52-A508 weldment under simulated BWR coolant conditions was studied. Fatigue and corrosion fatigue crack growth rates of the dissimilar metal weldments were observed to increase with crack extension under the nominally constant ÁK loading mode. It can be accounted for by an increase in the tensile residual stress and a decrease in the crack closure effect with the weld depth. The tensile residual stress measured by hole-drilling strain gauges increased with the weld depth. After PWHT at 621 C for 24 h, the fatigue crack growth rate in the weld did not show to increase with crack length advancement. The crack closure effects in the weld were verified to decrease with the crack increment measured by the strain gauges in front of the crack tip.
Introduction
Alloy 182 has been used as a filler metal to join the low alloy steel reactor vessel nozzle and the austenitic stainless steel coolant piping and other dissimilar metal weldments of the reactor pressure boundary of nuclear power plants. Incidences of stress corrosion cracking of Alloy 182 weld in both Boiling Water Reactors (BWRs) and Pressurized Water Reactors (PWRs) have been reported. [1] [2] [3] [4] Recently, Alloy 52, which has a higher chromium content than Alloy 182, has been used to repair the defected Control Rod Drive Mechanism (CRDM)/thermocouple penetration nozzles and hot leg, etc. because of its superior stress corrosion cracking resistance. 4, 5) The dissimilar metal weldments of recirculation nozzle, hot-leg nozzle and Pressurizer (PZR) surge nozzle, etc. are the immediate periphery of the pressure vessel. Therefore, the degradation of the weldment is considered to be a great concern to the integrity of the reactor pressure boundary. Stress corrosion cracking and corrosion fatigue are the main mechanisms responsible for the degradation of the dissimilar metal weldments exposed to the reactor coolant environments. The transition region of the dissimilar metal weldment is noted to have a complex microstructure, welding residual stress and wide variations in chemical compositions. The reduced chromium content in the transition region due to dilution effects tends to enhance the corrosion degradation effect relative to the bulk weld metal.
2) It is of academic and technological interest to study the effects of the transition region on the stress corrosion cracking and corrosion fatigue crack growth behavior of the weldment.
In this study, the corrosion fatigue crack growth tests were performed on Alloy 52-A508 dissimilar metal weldment under simulated BWR coolant conditions. The effects of the transition region of the dissimilar metal weldment on the corrosion fatigue crack growth rate were examined and discussed in this report. The fracture features of fatigued specimens were studied with scanning electron microscopy (SEM).
Experimental Procedures

Materials and specimens
A508 class 3 (hereafter abbreviated as A508) forged steel was supplied by Sandvik Steel Company, Sweden. Their chemical compositions and mechanical properties are given in Tables 1 and 2 , respectively.
The weld joint of Alloy 52-A508 was prepared by multipass Gas Tungsten Arc Welding (GTAW). The welding current and speed were set at about 190 amperes and 6 cm/ min, respectively. The scheme for sampling CT specimens from the deep-grooved weld is illustrated in Fig. 1 . The notch tip is about 8 mm away from the weld bottom. The chemical compositions of Alloy 52 are given in Table 3 . The weld was tested in the as-welded condition.
Fatigue crack growth rate tests
According to the ASTM E 647 specifications, compacttension type (CT) specimens with a thickness of 12.5 mm and a width of 50 mm were machined. Before fatigue testing, all specimens were lightly polished with emery paper to #600. The specimens were pre-cracked by cyclic loading with decreasing ÁK (stress intensity factor range), at a load ratio (R, P min =P max ) of 0.1, till a precracked length of 3 mm and ÁK of 10 MPa ffiffiffi ffi m p were reached. Based on the elastic compliance principle, a capacitance-type COD gauge was used to measure the fatigue crack length of the Alloy 52-A508 weldment at 300 C in air. The corrosion fatigue tests were conducted on a closed-loop, servo-electric machine with a water circulation loop under load control and at a frequency of 0.02 Hz. The constant load amplitude was periodically reduced to maintain a constant stress intensity factor range to characterize the fatigue crack growth rates in the weld, interface and base metal. The load amplitude was set at an R ratio of 0.2 by an inner load cell control, which deducted the friction force between the pulling rod and the sealing material. The external load cell measurements including the friction force were also monitored for a comparison with the ones taken by the inner load cell. The filtered air was injected into the water tank to maintain a saturated oxygen level in the water environment. The conditions of the water environment are summarized in Table 4 . The crack length was measured by an ACPD technique. The AC current leads and PD probes were made of SS 316L wires 0.5 mm in diameter. The wires were spot-welded to the specimens. ACPD signals were measured by a Matelect model CGM5R crack growth monitor. In the present study, an alternating current of 230 mA was applied to the specimens at a frequency of 3 kHz. An amplification gain of 70 dB was selected for all tests.
6) The final fatigue crack length measurement was further calibrated against the average value of five measurements taken along the crack front on the fracture surface by a microscope at a magnification of 20 according to ASTM E 647.
Fatigue crack closure measurement
To verify the crack closure evolution along the fatigue crack propagation of Alloy 52-A508 weldment, the strain gauges were glued at the front of the crack tip of the weld in air. The fatigue crack increments were propagated under the nominal constant ÁK of 14 MPa ffiffiffi ffi m p at a loading frequency of 10 Hz, then the crack closure was measured at the crack lengths of 12.5 mm, 13.5 mm and 14.5 mm at a loading frequency of 0.1 Hz.
Metallographic and fractographic examinations
To reveal the MnS morphology and carbide/nitride precipitate distribution of the low alloy steels, the as-received specimens were polished following a standard metallographic practice, then etched in a 5 vol% Nital solution (5 vol% nitric acid and 95 vol% ethanol) for about 20 seconds and examined with optical microscopy. The metallographic specimens of Alloy 52-A508 weldment were etched in an electrolytic solution of 70 mL H 3 PO 4 +30 mL H 2 O at 3 volt and 1.5 ampere for 10-20 seconds. The micro-composition transition of alloy elements in the interface was measured by Energy Dispersive X-ray Analysis (EDX). After corrosion fatigue tests, the oxide layers on the fracture surfaces were descaled with an electrolyte of 2 g hexamethylene tetramine in 1000 cm 3 of 1 N HCl and further investigated with scanning electron microscopy.
Results and Discussion
Metallographic examination
The metallograph of A508 steel with sulfur content 0.015 mass% is shown in Fig. 2 . The short sulfide laths were observed. Tempered martensite was prevalent in the steel. As for the Alloy 52-A508 weldments, their heat-affected zones could be easily identified by naked eyes and further confirmed by Vickers hardness measurements as shown in Fig. 3 . The width of the heat-affected zone varied with the weld location, ranging from 1.9 mm for the cap of the HAZ to 2.8 mm for the bottom, which was evaluated based on the hardness distribution results. The micro-composition transition in the fusion line was about 28 mm in width, as determined by EDX in Fig. 4 .
3.2 Fatigue crack growth rate measurements for alloy 52-A508 weldment A strain-gauge-type COD gauge is commonly used for fatigue crack growth rate measurement in laboratories. But its application is limited to tests in air at room temperature. The capacitance-type COD gauge, which is made of two stainless steel plates, could be used up to 540 C in air. The crack length obtained by a capacitance-type COD gauge method is a function of the displacement between two parallel stainless plates. A modified capacitance-type COD gauge, Epsilon model 3641, with short arms of 13.8 mm and a traveling distance of 2.0 mm, was developed to measure the fatigue crack length at 300 C in air. 6) Fatigue crack growth rate against stress intensity factor range for the Alloy 52-A508 dissimilar metal weldment is shown in Fig. 5 . In the weld region, the fatigue crack growth rate increased with an (a) (b) Fig. 3 Typical micro-hardness profiles with respect to different weld locations across the fusion line.
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1.00E-4 increase in the stress intensity factor range, but slightly increased when going through the fusion line due to different material characteristics. When the crack extended into the heat-affected zone (HAZ) of A508 steel, the fatigue crack growth rate seemed to overshoot and then backed to the normal fatigue crack growth rate of the base metal. It could be related to the residual stress of HAZ, [7] [8] [9] higher hardness, and complicated microstructure. Figure 6 shows the brittle features of the heat-affected zone, which is consistent with the brittle characteristics of tempered martensite and a trace of martensite. The residual stress distribution measured by the hole-drilling strain gauge is illustrated in Fig. 7 . The residual stress distribution was changed from tensile stress to compressive stress, which may be the main cause of the discontinuous Paris law.
Constant ÁK test
The loading sequence and fatigue crack growth behavior of Alloy 52-A508 weldment in the high temperature water environment is summarized in Table 5 and Fig. 8 the ensuing 588 h. Accordingly, the fatigue crack growth rate increased to 2:66 Â 10 À7 mm/s. To make a clear mark on the fracture surface for the subsequent ACPD calibration, the specimen was retrieved and fatigued in air for a crack increment of 1.2 mm at a frequency of 10 Hz and stress intensity factor range of 14.4 MPa ffiffiffi ffi m p . Then the specimen was further corrosion-fatigue-tested in the high-temperature water environment under a nominally constant stress intensity factor range. The fatigue crack growth rate increased with crack extension. To evaluate the static stress on the crack growth effect, a stress intensity factor 17.6 MPa ffiffiffi ffi m p was applied on the specimen for about 187 h. The crack growth rate was observed to be about 2:37 Â 10 À7 mm/s. It is slightly higher than those of Alloy 182. 2, 10) It could be related to the prior fatigue loading process and the lack of longer testing duration. After the static loading test, a constant ÁK was applied on the specimen again. The fatigue crack growth rates were getting faster. After the crack grew into the A508 region, the crack growth rate decreased due to a decrease in ÁK test.
The crack growth rate of the weld increased with crack extension, which could be accounted for by an increase in the tensile residual stress with the weld depth, as shown in Fig. 7 . The results are in a good agreement with the observations of the final report of the NESC-III Project, 11) which showed the tensile residual stress in the hoop direction measured by neutron diffraction increased from the external surface to inside surface of the pipe.
For a comparison, the constant ÁK test was also performed on the dissimilar metal weldment and SS316L in air at 300 C and room temperature, respectively. The tests were controlled by a commercialized software and performed on an MTS model servo-hydraulic materials testing machine. The fatigue crack length against cycles under constant ÁK test for the dissimilar metal weldment was illustrated in Fig. 9 . Fig. 9 Fatigue crack growth behavior of Alloy 52-A508 dissimilar metal weldment at 300 C in air.
The fatigue crack growth rate in the weld increased with the crack length advancement. After the crack length went through the fusion line, the fatigue crack growth rate became almost constant. But for the homogeneous SS316L material, the fatigue crack growth rate under constant ÁK test was constant, as shown in Fig. 10 . Figure 11 demonstrates the fatigue crack growth behavior of Alloy 52-A508 weldment after the post weld heat treatment (PWHT) at 621 C for 24 h. The fatigue crack growth rate became constant. It can be inferred that the as-welded structure in dissimilar weldment is quite inhomogeneous. The residual tensile welding stress was released after PWHT, therefore the fatigue crack growth rate in the weld did not show to increase with the crack length advancement.
Fatigue crack closure measurement
A rough fracture surface of the weld was observed, as shown in Fig. 12 , which implies that crack closure might be induced in the initial crack increment. To verify the crack closure evolution along the fatigue crack propagation of Alloy 52-A508 weldment, the crack closure was measured by the strain gauges in front of the crack tip of the weld. [12] [13] [14] The crack opening stress intensity factor, K op , was determined by the intersection of the two secants of uploading curve, as shown in Fig. 13 . The crack closure evolution along the weld was illustrated in Fig. 14 stress intensity factor range. 15) In addition, the macrocomposition was observed to vary from the bottom to the center of the Alloy 52 weld, as shown in Fig. 15 . Alloy 52 is mainly composed of Cr 28.8 mass%, Ni 61.44 mass% and Fe 8.07 mass%. The dilution effect of the Alloy 52-A508 weldment was apparent. Further researches are to be made to clarify the dilution effects on the corrosion fatigue crack growth rate.
Conclusions
(1) Corrosion fatigue crack growth rates for the dissimilar metal weldments were observed to increase with crack increment under the nominally constant ÁK loading mode. This could be due to the effects of an increase in the tensile residual stress and a decrease in the crack closure in the Alloy 52 weld. (2) The tensile residual stress measured by hole-drilling strain gauges increased with the weld depth. After PWHT at 621 C for 24 h, the fatigue crack growth rate in the weld did not show to increase with crack length advancement. (3) The crack closure effects in the weld were verified to decrease with the crack increment measured by the strain gauges in front of the crack tip. 
